The effects of different laser shock peening (LSP) impacts on the three-dimensional displayed distributions of surface and in-depth residual stress at a laser spot of AISI 304 stainless steel were investigated by X-ray diffraction technology with the sin 2 ϕ method and MATLAB 2010a software. Microstructural evolution in the top surface subjected to multiple LSP impacts was presented by means of cross-sectional optical microscopy (OM) and transmission electron microscopy (TEM) observations. Experimental results and analysis indicated that residual stress distribution and microstructure at a laser spot depended strongly on the number of multiple LSP impacts, and refined grain and ultra-high strain rate play an important role in the improvement of compressive residual stress of AISI 304 stainless steel. The analysis of treatment of the extended surface was presented to obtain uniform surface properties on the top surface of AISI 304 stainless steel.
Introduction
Laser shock peening (LSP) is a kind of advanced surface enhancing method which employs the mechanical effect of laser shock wave induced by a laser beam to improve the fatigue resistance, damage tolerance, corrosion resistance of metallic materials and alloys. More and more researchers have been paying comprehensive attention to LSP due to its high-pressure (in the scale of GPa), high-energy (more than 1 GW/cm 2 ), ultrafast (several tens of nanoseconds) and ultra-high strain rate (more than 10 6 s´1) [1] [2] [3] .
Over the last two decades, substantial research efforts have yielded significant insights into the effects of overlapping LSP treatment and multiple LSP impacts on the mechanical properties and microstructure of metallic materials and alloys. For example, Wang et al. investigated the effects of overlapping LSP impacts on stress corrosion behavior of 7075 aluminum alloy laser welded joints, and results showed that the elongation, time of fracture and static toughness were improved by 11.13%, 20% and 100% after overlapping LSP impacts, respectively [4] . Trdan et al. confirmed the insignificant influence of LSP without coating treatment direction on micro-hardness distribution, indicating essentially homogeneous conditions in both longitudinal and transverse directions [5] . Jia et al. presented that repeated LSP impacts have a very beneficial effect on surface hardening, and the high-cycle fatigue life of LSPed Ti834 alloy increases due to the fact that the introduction of compressive residual stress can delay the initiation and growth of the fatigue crack [6] . Correa et al. established a good correlation between simulations, residual stress measurements and fatigue life of Al2024-T351 specimens treated by LSP [7] . In our previous work, we reported that the improvement of the stress corrosion cracking (SCC) resistance of AISI 304 stainless steel was caused by compressive residual stress and grain refinement after massive LSP impacts [8] . We also indicated that typical microstructure and residual stress in the surface layer of LY2 aluminum alloy [9] and AISI 304 stainless steel have a close relation with the number of multiple LSP impacts. A single LSP impact can refine the original grain in the near-surface layer mainly by mechanical twins (MTs) in a single direction and multiple LSP impacts can refine the original grain mainly by MTs in multi-directions, which are the direct reason why LSP can improve the nano-hardness, elastic modulus, and residual stress of AISI 304 stainless steel [10] . When laser shock wave acts on the surface layer, local plastic deformation occurs in the LSPed region and the affected region. These investigations mainly focused on the interaction of adjacent LSP impacts during overlapping LSP treatment and multiple LSP impacts. In practice, the surfaces of metallic components are often overlappingly treated by multiple LSP treatment. Uneven residual stress distribution on the component surface often deteriorates the surface properties of the treated component [11] , and the uniformity of residual stress in the surface layer of metallic component after massive LSP impacts depends strongly on residual stress distribution and microstructure at a laser spot. However, over the years, only few researchers have investigated how the influence mechanism of a single LSP impact and the number of multiple LSP impacts on residual stress distribution at a laser spot affect the uniformity of surface properties on the extended surface.
This paper aimed to investigate the effects of different LSP impacts on surface and in-depth residual stress distributions of AISI 304 stainless steel at a laser spot. The three-dimensional residual stress displayed distribution as a function of the number of multiple LSP impacts was highlighted. In particular, microstructure in the top surface under different LSP impacts is characterized and analyzed. Finally, the underlying influence mechanism of typical substructure induced by laser shock wave on residual stress distribution at a laser spot was determined and we also analyzed how the underlying influence mechanism affects the surface properties' uniformity on the extended surface. These topics can provide some insight into the uniformity of compressive residual stress generated by massive overlapping LSP impacts, which has a lot of practical use in engineering application.
Experimental Procedures

Specimen Preparation
AISI 304 austenitic stainless steel was chosen in this study, and its chemical composition was 0.06 C, 1.54 Mn, 18.47 Cr, 0.30 Mo, 8.3 Ni, 0.37 Cu, 0.48 Si, 0.027 Nb and balance Fe (wt. %). The mechanical properties of AISI 304 stainless steel are shown in Table 1 [12] . All specimens from the same steel sheet were cut into dimensions of 5 mmˆ5 mmˆ2 mm (widthˆlengthˆthickness). Before LSP treatment, all specimen surfaces were progressively mechanically polished using SiC paper with grit numbers from 150 to 1800 (including 150#, 360#, 600#, 800#, 1200# and 1800#) to achieve smooth surfaces. Subsequently, these specimens were cleaned with acetone and subjected to ultrasonic vibration to degrease their surfaces. For this application, the laser spot diameter was 3 mm, and a pulse laser with a duration of 10 ns and a pulse energy of 9.3 J was used as LSP energy source. The output beam of single flat-top laser pulse was attenuated and sent to a charge-coupled-device (CCD) camera produced by SVC ASSET MANAGEMENT INC in California, CA, United States, and its profile can be seen in Figure 1 . To ensure the mechanical effect of laser shock wave, professional aluminum tape produced by 3M company in St Paul, MN, USA, with a thickness of 100 µm was used as an ablation medium for plasma initiation, and a water film with a thickness of 1-2 mm was set as a transparent confining layer. To investigate the effects of the number of LSP impacts on microstructure and residual stress distribution at a laser spot, three types of LSPed specimens were prepared in the present study, and these specimens were treated by different LSP impacts at a single laser spot. According to the number of LSP impacts, we defined these specimens subjected to one LSP impact, two LSP impacts, and three LSP impacts as single LSP impact, dual LSP impacts, and triple LSP impacts, respectively. 
LSP Experiment
LSP experiments were carried out by a Q-switched Nd: YAG laser produced by Thales Company in Paris, France with a wavelength of 1064 nm at Laser Technology Institute in Jiangsu University. For this application, the laser spot diameter was 3 mm, and a pulse laser with a duration of 10 ns and a pulse energy of 9.3 J was used as LSP energy source. The output beam of single flat-top laser pulse was attenuated and sent to a charge-coupled-device (CCD) camera produced by SVC ASSET MANAGEMENT INC in California, CA, United States, and its profile can be seen in Figure 1 . To ensure the mechanical effect of laser shock wave, professional aluminum tape produced by 3M company in St Paul, MN, USA, with a thickness of 100 μm was used as an ablation medium for plasma initiation, and a water film with a thickness of 1-2 mm was set as a transparent confining layer. To investigate the effects of the number of LSP impacts on microstructure and residual stress distribution at a laser spot, three types of LSPed specimens were prepared in the present study, and these specimens were treated by different LSP impacts at a single laser spot. According to the number of LSP impacts, we defined these specimens subjected to one LSP impact, two LSP impacts, and three LSP impacts as single LSP impact, dual LSP impacts, and triple LSP impacts, respectively. 
Residual Stress Measurement and Microstructural Observations
Surface residual stresses of all specimens were measured by X-ray diffraction technology with the sin 2 φ method [13] . The X-ray beam diameter was about 2 mm, and the X-ray source was the Cr-Kα ray. The feed angle of the ladder scanning was 0.1° per second, and the scanning starting angle and terminating angle were 145° and 153°, respectively. To measure residual stress along the depth direction, material removal by electropolishing was used, and the specimen surface was removed by a depth of 0.05 mm to the top surface every time. After each removal with a depth of 0.2 mm, residual stress values at a regular interval of 0.5 mm at the center line were recorded. Thus, the surface layer with a thickness of 1 mm will be removed five times. All measurements were repeated thrice for each point, and the average value was obtained and recorded. According to these experimental data, cross-sectional residual stress distributions at the plane perpendicular to the top surface along the center line can be presented by MATLAB 2010a software developed by The Mathworks in Natick, MA, USA.
After LSP treatment, the as-machined specimen and three types of LSPed specimens used for metallographic investigation were cut as the sections perpendicular to the specimen surface, and then subjected to several successive steps of grinding and polishing. After that, the vertical sections of the samples were etched using a professional reagent that consists of 15 cc of HCl, 10 cc of HNO3, 10 cc of acetic acid, and 2/3 (two thirds) drops glycerine, and then characterized by cross-sectional 
Surface residual stresses of all specimens were measured by X-ray diffraction technology with the sin 2 ϕ method [13] . The X-ray beam diameter was about 2 mm, and the X-ray source was the Cr-Kα ray. The feed angle of the ladder scanning was 0.1˝per second, and the scanning starting angle and terminating angle were 145˝and 153˝, respectively. To measure residual stress along the depth direction, material removal by electropolishing was used, and the specimen surface was removed by a depth of 0.05 mm to the top surface every time. After each removal with a depth of 0.2 mm, residual stress values at a regular interval of 0.5 mm at the center line were recorded. Thus, the surface layer with a thickness of 1 mm will be removed five times. All measurements were repeated thrice for each point, and the average value was obtained and recorded. According to these experimental data, cross-sectional residual stress distributions at the plane perpendicular to the top surface along the center line can be presented by MATLAB 2010a software developed by The Mathworks in Natick, MA, USA.
After LSP treatment, the as-machined specimen and three types of LSPed specimens used for metallographic investigation were cut as the sections perpendicular to the specimen surface, and then subjected to several successive steps of grinding and polishing. After that, the vertical sections of the samples were etched using a professional reagent that consists of 15 cc of HCl, 10 cc of HNO 3 , 10 cc of acetic acid, and 2/3 (two thirds) drops glycerine, and then characterized by cross-sectional OM observations. Cross-sectional thin foils for TEM observations were also prepared, and microstructure in the top surface of all specimens was observed by a JEM-2100 transmission electron microscopy (TEM) produced by JEOL, Tonkin, Japan operated at a voltage of 200 kV. Figure 2 shows surface residual stress three-dimensionally displayed distribution at a single laser spot as a function of the number of LSP impacts. For the above three cases, we choose a diameter of every laser spot, as shown in Line 1 in Figure 2a , Line 2 in Figure 2b , and Line 3 in Figure 2c . Figure 3 shows surface residual stress distributions along the diameters of laser spots subjected to single LSP impact, dual LSP impacts, and triple LSP impacts, respectively.
Result and Discussions
Surface Residual Stress Distribution at a Single Laser Spot
From Figures 2a and 3 , it can be seen that there is a maximum of´239 MPa in residual stress at the center of the laser spot subjected to a single LSP impact. The diameter of the LSP-affected region is about 4 mm. After dual LSP impacts, the maximum of´239 MPa is increased to´336 MPa, and the center region with a radius of~0.8 mm exists in high-level compressive residual stress of more than´300 MPa. The LSP-affected region keeps an increase to a diameter of approximately 4.5 mm, as shown in Figures 2b and 3 . After a third LSP impact, the maximum of surface residual stress is increased to´371 MPa, and the center region with a radius of~1.3 mm exists in high-level compressive residual stress of more than´300 MPa. The LSP-affected region continues to increase to a diameter of approximately 5 mm, as shown in Figures 2c and 3 . OM observations. Cross-sectional thin foils for TEM observations were also prepared, and microstructure in the top surface of all specimens was observed by a JEM-2100 transmission electron microscopy (TEM) produced by JEOL, Tonkin, Japan operated at a voltage of 200 kV. Figure 2 shows surface residual stress three-dimensionally displayed distribution at a single laser spot as a function of the number of LSP impacts. For the above three cases, we choose a diameter of every laser spot, as shown in Line 1 in Figure 2a , Line 2 in Figure 2b , and Line 3 in Figure 2c . Figure 3 shows surface residual stress distributions along the diameters of laser spots subjected to single LSP impact, dual LSP impacts, and triple LSP impacts, respectively.
Result and Discussions
Surface Residual Stress Distribution at a Single Laser Spot
From Figures 2a and 3 , it can be seen that there is a maximum of −239 MPa in residual stress at the center of the laser spot subjected to a single LSP impact. The diameter of the LSP-affected region is about 4 mm. After dual LSP impacts, the maximum of −239 MPa is increased to −336 MPa, and the center region with a radius of ~0.8 mm exists in high-level compressive residual stress of more than −300 MPa. The LSP-affected region keeps an increase to a diameter of approximately 4.5 mm, as shown in Figures 2b and 3 . After a third LSP impact, the maximum of surface residual stress is increased to −371 MPa, and the center region with a radius of ~1.3 mm exists in high-level compressive residual stress of more than −300 MPa. The LSP-affected region continues to increase to a diameter of approximately 5 mm, as shown in Figures 2c and 3 . From the above experimental data, the following two facts can be obtained. On the one hand, the maximum of compressive residual stress increases with the increasing number of LSP impacts, but the increasing rate decreases with the increasing number of LSP impacts. On the other hand, while the number of LSP impacts increases, the LSP-affected region increases. In addition, there is only a little change in the LSP-affected region when the number of LSP impacts varies from two to three. We may speculate that the LSP-affected region can reach a peak with the increasing number of LSP impacts. Among the fringe field of the LSP-affected region, the recoiling pressure wave decreases steeply and it cannot reach the yield limit of AISI 304 austenitic stainless steel, which leads to the inadequate plastic deformation of the region far away from the spot center. Hence, surface residual stress along the diameter of the laser spot also decreases gradually with the increasing distance to the spot center. It is worth noting that multiple LSP impacts cause more and more uneven surface residual stress distribution at a laser spot with an increasing number of LSP impacts. Figure 4 shows in-depth residual stress three-dimensionally displayed distributions at Line 1 in Figure 2a , Line 2 in Figure 2b , and Line 3 in Figure 2c . Figure 5 shows in-depth residual stress distributions of the spot center subjected to single LSP impact, dual LSP impacts, and triple LSP impacts, respectively. From Figure 4a -c, in-depth residual stress distributions at the diameter as a function of the number of LSP impacts can be clearly presented. After single LSP impact, the residual stress of the spot center is −239 MPa, and the affected depth of the compressive residual stress is about 0.78 mm, as shown in Figure 5 . After dual LSP impacts, the residual stress of the spot center is increased to −336 MPa, and the affected depth of the compressive residual stress reaches 1.05 mm, as shown in Figure 5 . After triple LSP impacts, the residual stress value of the spot center and its affected depth are −371 MPa and 1.18 mm, as shown in Figure 5 . From the above experimental data, the following two facts can be obtained. On the one hand, the maximum of compressive residual stress increases with the increasing number of LSP impacts, but the increasing rate decreases with the increasing number of LSP impacts. On the other hand, while the number of LSP impacts increases, the LSP-affected region increases. In addition, there is only a little change in the LSP-affected region when the number of LSP impacts varies from two to three. We may speculate that the LSP-affected region can reach a peak with the increasing number of LSP impacts. Among the fringe field of the LSP-affected region, the recoiling pressure wave decreases steeply and it cannot reach the yield limit of AISI 304 austenitic stainless steel, which leads to the inadequate plastic deformation of the region far away from the spot center. Hence, surface residual stress along the diameter of the laser spot also decreases gradually with the increasing distance to the spot center. It is worth noting that multiple LSP impacts cause more and more uneven surface residual stress distribution at a laser spot with an increasing number of LSP impacts. Figure 4 shows in-depth residual stress three-dimensionally displayed distributions at Line 1 in Figure 2a , Line 2 in Figure 2b , and Line 3 in Figure 2c . Figure 5 shows in-depth residual stress distributions of the spot center subjected to single LSP impact, dual LSP impacts, and triple LSP impacts, respectively. From Figure 4a -c, in-depth residual stress distributions at the diameter as a function of the number of LSP impacts can be clearly presented. After single LSP impact, the residual stress of the spot center is´239 MPa, and the affected depth of the compressive residual stress is about 0.78 mm, as shown in Figure 5 . After dual LSP impacts, the residual stress of the spot center is increased to´336 MPa, and the affected depth of the compressive residual stress reaches 1.05 mm, as shown in Figure 5 . After triple LSP impacts, the residual stress value of the spot center and its affected depth are´371 MPa and 1.18 mm, as shown in Figure 5 . From the above experimental data, it can be concluded that after triple LSP impacts, the residual stress value of the spot center and the affected depth reach a peak, and the compressive residual stress keeps a constant and the affected depth also reaches a saturated value.
Residual Stress Distribution in Depth Direction along the Diameter of Laser Spot
Metallographic Observation and Microstructural TEM Characterization
Metallographic observation of the top surface of the as-machined specimen and three types of LSPed specimens can be seen in Figure 6 . Figure 7 shows typical TEM images of the top surface of the as-machined specimen and LSPed specimens. The grain size, grain boundary, and grain shape can be recognized after being immersed in the professional etching reagent for 30 s at room temperature. From the above experimental data, it can be concluded that after triple LSP impacts, the residual stress value of the spot center and the affected depth reach a peak, and the compressive residual stress keeps a constant and the affected depth also reaches a saturated value.
Metallographic observation of the top surface of the as-machined specimen and three types of LSPed specimens can be seen in Figure 6 . Figure 7 shows typical TEM images of the top surface of the as-machined specimen and LSPed specimens. The grain size, grain boundary, and grain shape can be recognized after being immersed in the professional etching reagent for 30 s at room temperature. From Figure 6a , it can be seen that the original coarse grain in the top surface of the as-machined specimen varies from 20 to 60 µm. For three types of LSPed specimens, evidence of plastic deformation is obvious in the surface layer, as shown in Figure 6b -d. After a single LSP impact, an overwhelming majority of coarse grains are obviously refined into grains with an average size of 10-20 µm, as shown in Figure 6b . Some coarse grains are not refined, but some mechanical twins (MTs) with one direction can be found within the coarse grain. These MT boundaries are parallel to each other and they subdivide the coarse grain into thin twin-matrix (T-M) lamellae at the top surface, whose width ranges from 40 nm to 700 nm, as can be clearly seen in Rectangle (A) in Figures 6b and 7b . After a second LSP impact, laser shock wave causes the presence of refined grain with an average size of 5-15 µm (as shown in Figure 6c) , and some MTs with two directions can be found within these grains. Moreover, the intersections of MT-MT in two directions' result in submicron rhombic blocks and the average dimension of the submicron rhombic block is about 100 nmˆ500 nm, as presented in Rectangle (B) in Figures 6c and 7c . After triple LSP impacts, the refined grain turns more uniform and smaller, and some MTs with three directions can be found within these grains. Under the effect of the third impact, submicron rhombic blocks are transformed into triangular blocks with the dimension of about 130 nmˆ130 nm, as shown in Rectangle (C) in Figures 6d and 7d . Hence, it can be concluded that when the number of LSP impacts varies from one to three, the coarse grains are refined by T-M lamellae, submicron rhombic blocks and triangular blocks, respectively.
According to the previous results, there are two reasons that are responsible for the observed MTs of Face-centered cubic (FCC) metals. The first one is small grain size. With the decrease of grain size, the energy needed to form MTs and stacking faults gradually becomes closer to the energy needed to nucleate a perfect dislocation, so the deformation mechanism controlled by normal slip transforms to that controlled by partial dislocation activity [14] . The other important reason is the ultra-high strain rate. With the increase of the strain rate, dislocations align themselves into walls at the twin boundary, which transform submicron subdivided blocks into subgrain boundaries gradually. When the strain rate is further increased, subgrain boundaries are turned by dislocations and transform into equiaxed refined grains [15, 16] . The dislocation-slip process is suppressed when the strain rate is enough high, assisting the formation of deformation MTs [17, 18] .
The strain rate of metallic materials and alloys exceeds 10 6 s´1 during LSP treatment, and refined grains are generated in the top surface. As a result of the grain refinement and ultra-high strain rate, the LSPed region is strengthened according to classical dislocation theory [19] . Moreover, for 304 stainless steel, the grains in the top surface turn smaller and smaller with the increasing number of LSP impacts. The reaction between the laser shock wave and the specimen will be generated in the top surface, leading to the generation of the dislocation and micro-structural deformation (such as MT), which can be explained by the fact that high-level compressive residual stresses are generated in the top surface, and the magnitude of the compressive residual stress in the top surface gradually increases with increasing number of LSP impacts.
The beneficial effect brought by LSP treatment is derived from the generation of a compressive residual stress field and the refined microstructure in the near-surface region at a laser spot. Although the output beam of a single laser pulse exists in flat-top shape (as shown in Figure 1 ), the uneven distribution of surface residual stress induced by the inhomogeneous deformation at a laser spot is further aggravated when AISI 304 stainless steel is treated by multiple LSP impacts, as discussed in Section 3.1. There is a similar result in in-depth residual stress distribution at a laser spot as a function of the number of LSP impacts, as discussed in Section 3.2. The above fact decreases the effect of multiple LSP impacts. As can be seen in Figure 7d , novel structures with submicron triangular blocks are found at the top surface subjected to three LSP impacts, which is the direct reason of the improvement of the residual stress, nano-hardness, and elastic modulus of AISI 304 stainless steel. Hence, improving the overlapping rate during laser beam sweeping can increase the LSP impact number at a laser spot. When the laser impact overlapping rate is 50%, most of the spots of the treated surface are impacted by laser pulse at least three times. Large numbers of submicron triangular blocks are generated on the top surface of AISI 304 stainless steel and the microstructures become uniform. The residual stress, nano-hardness, and elastic modulus on the top surface of AISI 304 stainless steel are greatly improved and distributed uniformly on the extended surfaces. In engineering applications, the surfaces of metallic components are often overlappingly treated by multiple LSP treatments. For future investigation, the uniformity of the residual stress distribution induced by massive LSP treatment will be in a very important position.
Conclusions
The effects of different LSP impacts on surface and in-depth residual stress distributions and microstructure of AISI 304 stainless steel at a laser spot were investigated, and microstructure in the top surface under different LSP impacts was characterized and analyzed. Some important conclusions can be drawn as follows:
(1) The maximum of the surface compressive residual stress at a laser spot increases with the increasing number of LSP impacts, but the increasing rate decreases with the increasing number of LSP impacts. Meanwhile, the LSP-affected region can reach a peak with the increasing number of LSP impacts. Multiple LSP impacts cause more and more uneven surface residual stress distribution at a laser spot with an increasing number of LSP impacts.
(2) After triple LSP impacts, the residual stress value of the spot center and the affected depth reach a peak, and the compressive residual stress remains constant and the affected depth also reaches a saturated value.
(3) When the number of LSP impacts varies from one to three, the coarse grains in the top surface of AISI 304 stainless steel are refined by three types of substructures: T-M lamellae, submicron rhombic blocks and triangular blocks, respectively.
(4) The underlying influence mechanism of typical substructure induced by laser shock wave on residual stress distribution at a laser spot was revealed. Refined grain and ultra-high strain rate are two important factors to generate high-level compressive residual stresses in the top surface of AISI 304 stainless steel.
(5) Most of the spots of the treated surface are impacted by laser pulse at least three times when the laser impact overlapping rate is 50%. Large numbers of submicron triangular blocks are generated on the top surface of AISI 304 stainless steel and microstructures become uniform. The residual stress, nano-hardness, and elastic modulus are distributed uniformly on the extended surfaces.
